. Inorganic material fabrication mediated by surface-immobilized organic molecular template from our group. These templates could be categorized into three types: small molecules, peptide and polymer brush.
Results and discussion

Level 1: Small molecule-mediated inorganic oxide film formation
Firstly, surface-grafted small functional group is introduced. This is the smallest functional organic template for directing inorganic material deposition and growth on surfaces. Nevertheless, their mediation ability is not compromised by their tiny size and often very useful in advanced material and devices fabrication process. In 2003-2010, we continuously reported three novel confined photochemical reaction systems on polymer surface (Yang et al, 2003 Gan et al, 2009 and , which are eligible to convert directly C-H on polymer surface to well-defined reactive sulfate, hydroxyl and carboxyl monolayers. These organic functional groups are further used as molecular template to direct the nucleation and micro/nano-scale assembly of inorganic and metal oxides including silicon oxide (SiO x ), titatnium dioxide (TiO 2 ) and zinc oxide (ZnO). The resulting TiO 2 and ZnO deposition could form isolated array (positive pattern) or continuous micronetwork (negative pattern, supported macroporous film). The latter is especially promising for preparation of highefficient solar cells because nanoparticles, photosensizers or complex salts could be conveniently incorporated into the holes of macroporous film from negative pattern. Moreover, this macroporous negative film has enough mechanical strength that supports its free transfer from original deposited support to any other substrates by simple adhesion technique. The resulting SiO x deposition not only could form order array but also could form a transparent, ultraflat and continuous film on polymer substrate with widely tunable thickness and strong bonding strength.
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Methods and chemistry to introduce functional small molecular monolayer on polymer surface
In 2003, we for the first time found that when a very thin persulfate salt aqueous solution layer (μm) was sandwiched between two polymer films and strong UV light irradiated the assembly from the side transparent to UV light, a fast surface hydrophilic modification method for most of commercial polymeric materials was developed (Figure 2 ) (Yang et al, 2003) . For example, irradiating for 90 s and using 30 wt% ammonium persulfate, the static surface water contact angles of polymeric substrates decreased from 100º to 44º for low-density polyethylene (LDPE), from 107º to 34º for high-density polyethylene (HDPE), and from 73º to 15º for poly(ethylene terephthalate) (PET). The increases in surface hydrophilicity came from the formation of a sulfate salt group (SO 4 -NH 4 + )-ionized surface, which was characterized by X-ray Photoelectron Spectroscopy (XPS) and Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FTIR). The surface topography of the modified polymer substrates were observed by Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM), and no visible etching effects to original surface were found. (1) Fig. 2 . The possible reaction model for surface oxidation by persulfates: the conventional and the "sandwich" methods. Reproduced from (Yang et al, 2003) . Copyright from Elsevier. Reproduced with permission.
A possible reaction model named by 'confined photo-catalytic oxidation' (CPO) was put forward to interpret the above results. Conventional photooxidation route of persulfate is that water (H 2 O) molecules are firstly oxidized by persulfates to form hydroxyl radicals, which undertake further oxidization to organic substances. However, in such sandwiching setup, due to the role of CPO, a new reaction route is achieved where persulfates dissociate directly to form sulfate anion radicals under UV irradiation, the resulting sulfate radicals quickly oxidize polymer surface by abstracting hydrogen atoms from polymer surface, and then the formed surface radicals couple with other sulfate anion radicals to fabricate an array of sulfate anion groups covalently attached on the outmost surface. This strategy provides an effective surface hydrophilic and functionalization method suitable for most of commercial polymeric materials with the advantages of fast, mild (to environment and substrate), facile and low cost technological process. Based on CPO, we further develop a very simple method to create hydrophilic/hydrophobic hybrid polymer surface, through "CPO" under the regional control by a photomask (Figure 3 ). The resulting wettability or surface molecular template patterns have been used to fabricate polyaniline (PANI) , TiO 2 and ZnO micropatterns. Fig. 3 . The wettability pattern obtained by CPO method. The left image is a photomask used in CPO reaction to control the irradiation/non-irradiation areas: the white bars are UV transparent regions which will result in the corresponding UV-exposed regions (i.e. CPO reaction occurred) on polymer surface, producing a hydrophilic region, as shown in parallel water condensation lines in right image; in contrast, the black regions in the photomask are metallic parts which will shield UV light and thereby result in non-irradiated parts on underlying polymer substrate, producing original hydrophobic surface, as shown in right image (the spaces between hydrophilic lines). Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
Moreover, the formed sulfate groups on surfaces could be readily hydrolyzed to form hydroxyl monolayer, which has been demonstrated by XPS, contact angle (CA) measurement ( Figure 4 ) and ATR-FTIR ( Figure 5 ). As shown in Figure 4 , when sulfated surface was soaked in water, the surface contact angle increased gradually and reached a plateau after about 10 hours. It has been known that polymer surfaces hydrophilized by oxidizing treatments should not decay when store in water or high-energy media. The conflict between present results and this theory revealed that surface sulfate groups actually converted to hydroxyl groups during this soaking process because of the difference in surface free energy between the sulfate anion and hydroxyl groups. The conversion of sulfate to hydroxyl group-implanted surfaces resulted in the continuous increase of the CA on the treated surface and became constant when the hydrolysis reached equilibrium. This judgment was further strongly supported by ATR-FTIR ( Figure 5 ). We used a classical reaction to tell the existence of hydroxyl groups on the surface, that is, allowed the sulfated surface after soaking in water to be incubated in trifluoroacetic anhydride (TFAA) solution under certain conditions. If there are a plenty of hydroxyl groups on the surface, such incubation would result in an effective reaction between surface hydroxyl group and TFAA in the solution, producing characteristic ester and C-F signals in ATR-FTIR spectra. The results were as we expected. The spectrum of the sample after soaking (c) displayed an ester carbonyl bond at 1789 cm -1 and a C-F bond at 1222 cm -1 , both of which could not be found in the spectra of the samples before soaking (b, d) and the sample for the untreated LDPE (a). XPS (data not shown here) was also consistent with ATR-FTIR results, and both of them www.intechopen.com . ATR-FTIR spectra: (a) LDPE: unirradiated; (b) LDPE: irradiated; (c) the derivation of modified LDPE: irradiated, soaked into water for 14h, and then treated with TFAA at 30°C, dried under reduced pressure at 20°C for 24h; (d) the derivation of modified LDPE: irradiated, and then treated with TFAA at 30°C, dried under reduced pressure at 20°C for 24h. (Irradiation conditions: LDPE films; irradiation time is 90s; the conc. of (NH 4 ) 2 S 2 O 8 is 30%, UV-intensity is 6500µw/cm 2 ). Reproduced from plus CA measurements indicated strongly that the polar sulfate groups on the CPO-treated surface converted to hydroxyl groups after slow hydrolysis in water ( Figure 6 ). After successfully introducing anion sulfate and neutral hydroxyl groups on surfaces, we also developed two novel approaches to introduce amine groups on surfaces, because these amine groups could potentially provide positive charge and reactivity towards proteins and silanes. The chemistry and methods used to fabricate such aminated surface are based on newly-developed UV-induced Surface Aminolysis Reaction (USAR) and silanization on Fig. 7 . A plausible reaction mechanism of USAR to introduce positive amine on PET surface. Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. hydroxyl-modified surface by CPO. In the former reaction, a thin film of N, Ndimethylformamide (DMF) liquid is sandwiched between two polyester films, and then transferred to UV field for irradiation. It has been known that dimethylamine and formaldehyde would be released very slowly when DMF is irradiated by visible light. However, in such confined reaction setup, this reaction is obviously accelerated largely. Systemic investigations reveal that after UV irradiation for short time (2-16min), DMF undergoes photodissociation to give out amine molecules (dimethylamine), which could insitu attack ester bond along PET chains to incorporate tertiary-amine functional groups at PET chain end (Figure 7) . With additional photomask, the region to be aminated could be designed and controlled with micron-meter precision, as shown in Figure 8b by selective staining from Sumikaron red dye. After positive amines incorporation, we further demonstrated that peptides, enzymes and proteins could be immobilized on such surface with keeping their biological activity for catalysis and biomineralization. For example, as shown in Figure 8c , when the enzyme, horseradish peroxide (HRP), was immobilized on aminated surface (circular regions), the enzyme could effectively catalyze the reaction with the standard substrate, 3-amino-9-ethylcarbazole (AEC) to produce precipitations which was deposited on circular aminated regions (line-type particles). Besides this direct aminolysis on polyester surface, a more general approach is also developed by us to introduce primary amine groups on most of polymer surface. This is a derivation reaction on hydroxyl-modified surface by CPO, that is, when hydroxyl monolayer is formed on surfaces by CPO, the further silanization reaction with any other silane reagent could give us a well-defined functionalized surface (Gan et al, 2009) . We have used this kind of surface to immobilize antibody effectively. Reproduced from For plastic electronics and optics, the fabrication of smooth, transparent and stable crackfree inorganic oxide films (and patterning) on flexible polymeric substrates with strong bonding strength and controllable thickness from nanometers to micrometers is a key but still remains a challenge. From this section, we will continuously introduce a series of novel approaches developed by us to fabricate high quality TiO 2 , ZnO and SiO x films on polymer substrate by a mild biomimetic interface-directed nucleation and growth process. The fabrication of TiO 2 films on substrates especially flexible polymers is extremely important due to their great potential in photocatalysis, energy conversion, and electrooptical techniques. Such films are often fabricated by sol-gel method where gelation at high temperature is needed to ensure the quality of crystals. In contrast, low-temperature biomimetic nucleation and growth in aqueous solution by surface-immobilized functional groups could provide an alternative way to fabricate high quality TiO 2 film on weak polymer substrate where high temperature annealing must be avoided. For this aim, we firstly fabricated a wettability-patterned polypropylene surface by CPO. As shown in Figure 9 , after CPO modification, the biaxially oriented polypropylene (BOPP) film surface was incubated in a mixture solution of (NH 4 ) 2 TiF 6 and H 3 BO 3 at certain low temperature, molar ratio and incubation time. Under deposition condition (c), an anatase TiO 2 film could be selectively deposited on a hydrophilic region with keeping original hydrophobic regions being undisturbed (no deposition). Figure 10 presented an optical microscope image of this positive pattern. AFM analysis indicated that the thickness of such film under deposition condition (c) was 350 nm. A 3D AFM profile image further showed that the obtained TiO 2 film consisted of crystal fusions from dense column arrays. Such column-type crystal growth implied that the deposition process was dominated by a preferential c axis (normal line direction on the surface) oriented crystallization growth. Dutschke et al, 2003; Strohm et al, 2005) . The resulting patterned TiO 2 film possessed significant bonding strength with underling substrates and good line edge acuity. Actually, when standard 3M adhesive tape peeling experiment was applied on this positive pattern film, the film could sustain very well. Such selective deposition could be attributed to the preferential nucleation and growth on sulfate group implanted (i.e. irradiated hydrophilic) regions. This functional group-mediated inorganic oxide deposition has been observed and developed in selfassembled monolayer (SAM) on inorganic and metal substrates, and our approach provided an alternative way to do this on polymer substrate where SAM is difficultly constructed. Obviously, this biomimetic approach provided an effective solution toward the microfabrication on various inert polymer substrates. . A thin layer of ammonium persulfate (APS) aqueous solution was sandwiched between two BOPP films, and selective UV irradiation was conducted by using a photomask; (b). CPO took place in the irradiated region, and the resulting wettability-patterned surface was utilized to fabricate positive (I) pattern under positive condition (c) and negative (II) pattern under negative condition (d) respectively. Reproduced from . Copyright from American Chemical Society. Reproduced with permission. showed the schematic column growth of TiO 2 crystalline particle along c-axis, this column-pattern could be found clearly in the lower 3D profile AFM picture.
Reproduced from . Copyright from American Chemical Society. Reproduced with permission. Reproduced from . Copyright from American Chemical Society. Reproduced with permission.
More surprisingly, we also found, for the first time, that under deposition condition (d), instead of deposition on hydrophilic regions, the deposition of TiO 2 film would take a phase inversion process, that is, the deposition was only selectively retained on the hydrophobic region with keeping hydrophilic regions being undisturbed (no deposition) to form a negative pattern. Figure 11 presented a typical negative pattern obtained by such method. This is a very interesting and novel phenomenon found firstly by us, and further investigation on the mechanism showed that the hydrolysis reaction of active sulfate groups and the resulting affinity change towards TiO 2 crystals during this process played a key role www.intechopen.com ( Figure 12 ). Such negative patterns refute the conventional opinion that only hydrophilic regions favor the formation of TiO 2 films and could be used to fabricate large areas (mm 2 ) of interconnected TiO 2 micronetworks, which are obviously difficult to obtain by conventional metallic masks. Such negative pattern also could be freely transferred to any other substrate by adhesive tape peeling ( Figure 13 ) and could be used as a flexible photomask for photochemical reactions ( Figure 14 ). To summary, the present method that surface functionality mediated TiO 2 deposition is expected to provide new strategies in the fabrication of flexible positive TiO 2 array and negative macro/mesoporous TiO 2 interconnected films on flexible organic substrates, without the use of complex photolithography procedures. We further found that this method is also suitable for fabrication of other inorganic oxide films such as ZnO and SiO 2 , as described below. Further exploration on other kinds of inorganic oxide film fabrication by such method and incorporation of functional molecules into the positive film and the pores formed in negative film for functional device fabrication may be suggested as the next direction of this research. Fig. 12 . The chemical change of functional groups on oxidized surface by hydrolysis reaction. It was found that sulfate groups had poor affinity to titanium layer (TiO 2 ), while hydroxyl groups had good affinity to TiO 2 . Reproduced from . Copyright from American Chemical Society. Reproduced with permission. . optical images of the negative TiO 2 micropattern on the 3M Scotch @ adhesive tape after peeling the TiO 2 pattern in (a) from BOPP substrate. Reproduced from . Copyright from American Chemical Society. Reproduced with permission.
ZnO film fabrication on sulfated, hydroxylated and caroxylated polymer surfaces by biomimetic nucleation and growth in aqueous solution. (Yang et al, 2008)
Similar to patterned TiO 2 deposition, patterned ZnO deposition on polymer substrates has also received great attentions because of its promising potential in photocatalysis, energy conversion, and electro-optical techniques. Our research indicated the functionality pattern formed by CPO method could be also used to mediate the growth of ZnO crystals on polymer substrates under mild conditions, giving positive and negative patterns on BOPP and PET substrates respectively ( Figure 15 ). The fabrication was achieved by incubating functionalized polymer film in a mixture solution of Zn(NO 3 ) 2 and hexamethylenetetramine (HMT) at suitable temperature and concentration . . Copyright from American Chemical Society. Reproduced with permission.
Similar to the column-type growth behavior observed in TiO 2 deposition system, ZnO film also grew along c-axis from the surface. However, fusion among these columns is not observed in ZnO material, and separated ZnO rods are obtained in the resulting ZnO film.
We found that the rods having the typical size around 500-750nm in diameter and 2.5 μm in length, was selectively obtained on sulfated and hydroxylated regions of BOPP substrate, resulting in a positive ZnO pattern which was corresponding to the irradiated regions by UV (Figure 16 and 17). In contrast, for reactive polyesters such as PET, the ZnO rods selectively remained on the unmodified original regions, creating negative patterns which were corresponding to the unirradiated regions (Figure 18 and 19). X-ray Diffraction (XRD) pattern was further used to characterize the crystal morphology of ZnO rods obtained on sulfated and hydroxylated BOPP as well as PET surfaces (Figure 20) . Interestingly, different dominating crystal direction was found on four kinds of surfaces. On BOPP-OH surface, preferential c-axis direction was found since (002) plane had the maximum intensity. When this substrate was changed to BOPP-SO 4 -, this c-axis orientation was lowered and as a result, both of c-axis direction as (002) and nearly parallel directions to the substrate as (100), (101) co-dominated in the crystal morphology. When the substrate was further changed to PET from BOPP, dominated crystal direction was found around the direction parallel to the substrate since the planes as (100) and (101) had the higher signal intensity. The detailed reason for this substrate-dependent crystal morphology change is needed to be investigated in the future, and different crystallization orientation on original BOPP and PET films may become a possible reason. Fig. 15 . The growth scheme of the ZnO layer on patterned functionalized polymer surfaces: (a) UV rays transported selectively through a photomask with circular holes; (b) a sandwich setup consisting of two polymer films with a persulfate ammonium solution in the middle, irradiated by UV light whose route was controlled by the photomask; (c) following the patterned irradiation, the sulfate groups could be selectively grafted onto the irradiated regions, which could be further transformed into hydroxyl groups by a hydrolysis reaction; (f) the ZnO layer selectively remained on the sulfated and hydroxylated regions of the BOPP film (d, g), whereas for PET, the growth of the ZnO layer selectively remained on the unirradiated regions (e, h). Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
Moreover, the photoluminescence property of a ZnO crystal was also investigated. Near UV and visible luminescence from ZnO crystals were detected by fluorescence spectroscopy (Figure 21 ). Strong UV and visible-light luminescence originated from band edge emission (395 nm) and the oxygen vacancy (450-600 nm) respectively (Masuda et al, 2006; Wu et al, 2001; Kang et al, 2003) , showing a potential for polymer-based display devices. The mechanism for the above-mentioned pattern formation also involves in the mediation ability of surface functional monolayers. On BOPP substrates, functionalized sulfated and hydroxylated regions were found to favor the formation of a ZnO layer through possible electrostatic and hydrogen coordination between functional groups and ZnO crystals (Chaudhary et al, 2004; Zubkov et al, 2005; Saito et al, 2001 ). As mentioned above, the sulfate groups on the surface were not stable species which would undertake a slow hydrolysis to give hydroxyl groups. This process also released protons as byproduct (H + ) (Yang et al, 2003; House et al, 1962; Wilmarth et al, 1962; Bamford et al, 1994) . This newly formed H + showed that the diameter of the deposited region and a single ZnO pillar was about 40 μm and 680 nm, respectively. The cross-sectional shape of the ZnO pillar was typically hexagonal (inset picture in (c)). (d) An AFM image of a single circular pattern indicated a thickness of the ZnO layer on the sulfated area of about 2.5 μm. Reproduced from would decrease the extent of supersaturation of the solution as a result of neutralization with OH -formed by the hydrolysis of HMT. Accordingly, during the same time scale, the extent of deposition reaction for ZnO growth on the sulfated BOPP surface would be lower than that on the hydroxylated BOPP surface. This analysis was well demonstrated by the following experiment: under equivalent conditions (0.1 M, 90ºC, 48h), the density of the ZnO rods on a sulfated BOPP surface was 0.8/μm 2 , whereas this value increased to 1.3/μm 2 on the hydroxylated surface. For the negative patterns on PET substrates, Koumoto et al (Masuda et al, 2006) suggested the reason for this was because the ZnO crystal surface could become hydrophobic by the adsorption of certain hydrophobic organic molecules used in the solution, and then the hydrophobic ZnO crystallites naturally preferred to be deposited on the hydrophobic unirradiated PET surface. We analyzed this phenomenon from another point of view, that is, the effect of surface functional group plays an important role on this pattern formation. Fig. 17. (a) A SEM micrograph of a patterned ZnO deposition on a hydroxylated BOPP surface and (b) a magnification of one circular region. By ultrasonic washing, the ZnO pillar became selective to the hydroxylated BOPP region whereas a few particles dispersed into the unirradiated region. The average diameter of the ZnO rods was 500 nm. Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
Not like inert BOPP, PET is a relatively reactive substrate containing abundant ester bonds, which are capable to undergo hydrolysis reactions in aqueous environments (Karayannidis et al, 2007) . Similar to our consideration, Pizem et al (Pizem et al, 2005) also pointed out that during the solution deposition process of a titanium film on polyimide substrates, reactive imide groups could be partially hydrolyzed and thereby influence the acidic oxide deposition solution. In our work, we found that the existence of polar sulfate and hydroxyl groups on irradiated PET regions would facilitate the alkaline hydrolysis to release more COOH groups in a weak base environment than unirradiated regions, because grafting of sulfate and hydroxyl groups onto the α site of the glycol ester (COOCH2CH2OOC) along PET chains would effectively increase the rate constant of the alkaline hydrolysis (Schmeer et al, 1990; Bruice et al, 1961 and 1962) , whereas this effect was not obvious on unirradiated regions without such polar groups. The existence of COOH groups on substrates would weaken the deposition of the ZnO layer (Hsu et al, 2005) because these COOH endgroups on polymer surface could firstly be deprotonated and negatively charged, and then preferentially bonded with HMT molecules to create electrostatic and/or steric screening for Fig. 18 . SEM micrographs of ZnO deposition on patterned sulfated PET surface and the magnification displaying the detailed deposition on sulfated (the dark regions in (a)) and unirradiated regions ((b) and the bright regions in (a)). Very little deposition was found on the sulfated regions represented by a circular pattern. Rather, the deposition was mainly found to form a continuous network on the unirradiated regions. The average diameter of the ZnO rods was about 750 nm. Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. Fig. 19 . SEM micrographs of the ZnO deposition on a patterned hydroxylated PET surface and the magnification displaying the detailed deposition on hydroxylated (the dark regions in (a)) and unirradiated regions ((b) and the bright regions in (a)). The average diameter of ZnO rods was about 750 nm. Reproduced from Intensity (a.u.)
Wavelength (nm) Fig. 21 . A photoluminescence image of a patterned ZnO deposition on a sulfated BOPP substrate under UV light illumination (365 nm). The corresponding emission spectra of ZnO deposition layer is shown in right picture (the excitation wavelength is 325 nm). Reproduced from ZnO rods typically 750 nm in diameter would selectively grow on unirradiated regions because of the transformation from sulfated or hydroxylated to carboxylated regions on PET substrate during the deposition process, the latter group was considered as a suppressing moiety for hindering the ZnO deposition. The present results gave us the ZnO film with microrods array. Since ZnO nanorods and their array have found great applications in laser and photo-energy devices, the next possible direction for this research is to optimize the reaction condition to fabricate ZnO nanorods array on polymer substrates by such surface functional group-mediated growth. Morin et al has presented such an approach on flexible polymer substrates. (Morin et al, 2007) 
SiO x film fabrication on hydroxylated polymer surfaces by biomimetic interfacedirected sol-gel. (Gan et al, 2010)
Among versatile inorganic oxides, silica oxide film as SiO x is especially important because this semiconductor material could provide crucial properties in devices or serve as a base layer for further multilayer construction. In this section, we describe a new interfacedirected sol-gel method to fabricate flexible high quality silicon oxide film onto commodity plastics ( Figure 22 ). Such fabrication strategy relies on CPO process described above. Firstly, CPO reaction was used on BOPP surface to introduce a hydroxyl monolayer. We found that this kind of hydroxyl monolayer could serve as nucleation and growth site for subsequent Fig. 22 . The schematic process to fabricate SiO x and its patterning on BOPP-OH surface.
Reproduced from (Yang et al, 2010) . Copyright from Science in China Chemistry. Reproduced with permission.
sol-gel reaction on the surface. Different from commonly used sol-gel technique where bulk sol-gel reaction occurs simultaneously, surface hydroxyl-directed sol-gel reaction in this work presents the unique character as surface-initiating cascade growing. Surface hydroxyl groups were capable of capturing silanol groups to initiate surface gelation. Such interface condensation reaction was possibly catalyzed by trace water and acidic molecules adsorbed onto hydrophilic hydroxyl-modified surface. The latter physisorption could become energetically favorable through the possible formation of hydrogen bond and/or protonation between trace water/acid and surface hydroxyl groups. This kind of surface condensation reaction seemed to express higher reactivity than the condensation in the Sisol, because the preferential surface growth was observed at the early deposition stage to form 4-6 nm silica layer. As a result, the deposition on the surface proceeded along a more controlled two-step way. In the first step, the deposition was initiated by the surface hydroxyl groups which could be reflected by the thin thickness data (4-6 nm) detected in the early stage (10-40 min). This process would last at least 40 min to form enough reactive sites. , and the controlling on the deposition thickness was facilely achieved by changing TEOS concentration, as plotted in (b) and visualized in (c). Reproduced from (Yang et al, 2010) . Copyright from Science in China Chemistry. Reproduced with permission.
After 40 min, the mature thin silica layer served as nucleation and growth templates to gradually thicken the silica layer. Similarly, Hozumi and coworkers (Hozumi et al, 2003) also found an ultrathin SiOx layer (~1 nm), termed as "nanoskin", could form on photosensitive polymer surface during vacuum UV enhanced vapor deposition, which facilitated further deposition of solid and ultraflat inorganic oxide. The resulting silica was crack-free with strong covalent bonding with underlying polymer substrates, and also had homogeneous morphology with ultralow roughness, highly optical transparency, tunable thickness from nm to μm, and easy patterning ability. As shown in Figure 23 , a typical cross-sectional image of BOPP-OH/SiO x film indicated that a clear and even interface between SiO x and BOPP phases. Homogeneous SiO x surface also could be partially revealed from this side-view observation. Accordingly, the thickness of SiO x layer could be directly obtained from these cross-sectional pictures. We further found that the thickness could be flexibly tuned by simply changing the sol-gel condition [e.g. tetraethylorthosilicate (TEOS) concentration and gelation time] from nanometer to micrometer, and this ability is very crucial for practical applications. The effect of TEOS concentration on the thickness increase was not a linear relationship, but a typical one observed in inorganic oxide sol-gel process.
The smooth surface morphology of resulting silica film was further revealed by AFM ( Figure 24 ). Comparing with pristine BOPP and BOPP-OH films, the BOPP-OH/SiO x surface showed very even and homogeneous morphology in large scale. The defects such as cracks, pinholes commonly observed in other methods did not appear under the observation field. Further measurement illustrated that ultra-smooth surface with extremely low root mean square (RMS) (~8Å) over large area (25 µm 2 ) was obtained after SiO x layer formed onto BOPP-OH surface. The RMS value on such ultraflat surface was lower than BOPP and BOPP-OH surfaces before the deposition and even better than that on commercial quartz surface (around 10 Å). Because the fabrication of such ultrasmooth surface only utilized the well-developed sol-gel technique and universal CPO reaction on polymer surface, this method provided us with a very simple and scalable approach to quickly fabricate ultraflat oxide film on polymeric materials. The resulting film also possessed superior optical transparence ( Figure 25 ). Comparing with blank BOPP film, BOPP-OH/SiO x film with different thickness only had very little decrease (<3%) in the transmittance at 600 nm, even in the case that the thickness of SiO x increased to 300 nm. As a result, no discernible difference could be told between pristine BOPP and BOPP-OH/SiO x films, after direct observation by eyes on the characters ("BUCT") behind two kinds of films. Reproduced from (Yang et al, 2010) . Copyright from Science in China Chemistry. Reproduced with permission. The film could be easily patterned by applying ultrasonic or adhesive tape peeling on the asdeposited film, because the big coating adhesion difference existed between hydroxylated (covalent bonding) and unmodified regions (physisorbed). For this aim, patterned hydroxylated surface was firstly fabricated by CPO under a control of a photomask. After the same SiO x sol-gel deposition on such patterned hydroxylation surface, the pattern was finally formed through mechanical destabilization from either ultrasonic washing or 3M adhesive tape peeling to remove weak deposition on unmodified regions. As shown in Figure 26 , either adhesive tape peeling (left) or ultrasonic agitation (right) could give us clear circular or stripe patterns with extremely low line edge variation, presenting good copies from the photomasks used. The feature size of such patterns was also homogeneous with few defects. Moreover, a large-area homogeneous pattern (cm 2 ) could be also obtained with good fidelity by such a process. The cracking of inorganic layer under the deformation of organic substrates is a common problem when preparing hybrid composite film, however, no discernible cracks were observed on SiO x layer when mechanically bending BOPP-OH substrate because of strong interfacial bonding and low internal stress buried in SiO x layer. Fig. 26 . Optical images of patterned SiO x layer on BOPP-OH surface fabricated by adhesive tape peeling (left) and ultrasonic agitation (right). Reproduced from (Yang et al, 2010) . Copyright from Science in China Chemistry. Reproduced with permission.
To summarize this section, our strategy provides a simple and effective way to fabricate ultraflat silica film on polymer substrate with strong bonding strength and easy patterning ability, excluding the requirements of clean room and vacuum devices so as to fulfill lowcost and fast fabrication demands. Future research along this direction may be suggested as follows: 1). Explore the possibility to extend this method for other oxide material fabrication. For example, we have successfully achieved TiO 2 film fabrication by such method ( Figure  27 ). 2). Explore the possibility to prepare hybrid multilayer structure by using silica film as a base layer. 3). Explore the possibility to develop the applications of this material. Herein, two application examples from such high quality SiO x layer onto plastics are given but should not be limited within these. One is that oxygen permeation rate of SiO x deposited polymer film decreases 25 times than pristine polymer substrate, which is good for the and further activation by glutaraldehyde on the surface. The profile intensity on selected region (inset picture) showed around 3:1 signal-to-background ratio could be obtained by this type of protein immobilization. Reproduced from (Yang et al, 2010) . Copyright from Science in China Chemistry. Reproduced with permission.
potential packaging materials (Figure 28 left) . The other one is that silanization monolayer, for example, 3-aminopropyltriethoxysilane (APTES), could be successfully constructed onto the resulting silica layer through classical silanization reaction, which is applicable for many potential purposes, for instance, proteins could be accordingly immobilized onto plastic support with effective signal-to-background ratio (Figure 28 right).
Level 2: Peptide-mediated nanocrystal and superstructures formation
Following the researches performed by small functional groups, a larger molecule, that is, inorganic-binding peptide (IBP) with oligomer grade was further used to mediate metal and inorganic material growth. IBP belongs to one kind of functional biomolecules which is capable to function as biomimetic template for material synthesis. Recently, Naik et al extenstively reviewed this field on biomolecules-mediated biomimetic material fabrication (Dickerson et al, 2008) . The IBP is a short polypeptide capable to selectively reduce certain inorganic ions from solutions to form nanoparticles. In our work, four types of peptides, NPSSLFRYLPSD (AG4), AYSSGAPPMPPF (AG3), MHGKTQATSGTIQS (MS14) and DRTSTWR (PT2) have been successfully immobilized on aminated polymer surface formed by USAR method and utilized to direct the formation of shape-controlled noble metals (Pt, Ag, and Au) micro/nano assemblies on flexible polymer substrates. Triangle, square, sphere, and hexagon as well as superamolecular assembly structure of particles have been observed in these peptide-directed inorganic material synthesis. Firstly, silver nanoparticles were synthesized by AG3 and AG4 peptides (Zhang et al, and 2008 . Among various IBPs, AG3 (AYSSGAPPMPPF) is a special peptide sequence that specifically and selectively binds to silver (Naik et al, 2002 ) in a solution. Inspired by this pioneering research, we immobilized AG3 on aminated PET film surface modified by USAR. As mentioned above, the biomolecule immobilized by USAR could keep its biological activity after immobilization on the aminated surface through electrostatic coordination. After that, the substrate with AG3 immobilized was incubated directly in silver nitrate solution without any other reducing regents added. Silver crystallites with the size being 1-4 μm were found on the film surface after finishing the incubation (Figure 29 ). The shape of silver microcrystals was diverse including hexagonal, triangle and cubic. Hexagonal and triangular crystallites were commonly observed in such IBP-mediated biomimetic synthesis in a solution, while the cubical shape is seldom reported in the literatures so far. The possible in-plane confinement from the substrate on the nucleation and growth of the crystal may be attributed to the formation of this novel morphology. Although AG3-mediated silver synthesis is effective, the size and morphology of silver crystals are quite broad. In order to narrow the size and morphology distribution for better controlling on this synthesis, we switched from the use of AG3 to AG4, because the latter also expressed strong biomineralization effect on silver (Naik et al, 2002) . After similar peptide immobilization and incubation procedures, silver microcrystals with the size being 1-2 μm were found on PET film (Figure 30 ). Besides these big particles, AFM scanning on the surface (Figure 31 ) also revealed the existence of some nanoparticles with the size being around 40 nm on the surface. The shapes of these crystals mainly included triangular and square. Accordingly, based on our results, it seems difficult to obtain uniform silver particles if only peptides were used in this biomimetic synthesis system. For addressing this challenge, we developed a new approach that combines an organic matrix with IBP to perform such synthesis. This idea is actually inspired by organic matrices in some life systems which can operate as templates for biosynthesis of various materials Reproduced from . Copyright from Elsevier. Reproduced with permission. . Copyright from Chemical Journal of Chinese Universities. Reproduced with permission. Fig. 31 . AFM image on silver particle formed on PET substrate with AG4 immobilized.
Reproduced from . Copyright from Chemical Journal of Chinese Universities. Reproduced with permission.
with uniform size and morphology. In our experiment, chitosan was chosen to serve as this kind of matrix. Chitosan is found to function as the main cell wall constitution of some fungi in the nature and made of 3D gridding structures from the self-organization of linear polymers. Such 3D grid texture is expected to provide good host spaces for metal ions and their in situ reduction reaction, and thereby induces the formation of uniform crystals with well controlled size and morphology (Huang et al, 2004) . Based on this design, the chitosan and peptide AG4 solutions were firstly mixed well before adding silver nitrate solution. The composition in chitosan is a linear polysaccharide chain consisting of randomly distributed copolymer from D-glucosamine and N-acetyl-D-glucosamine. Therefore, abundant amines along chitosan chain are considered to form coordination bonding with silver ions, which can serve as nucleation sites in the reducing environment provided by AG4. As shown in Figure 29 , the resulting silver crystals expressed low polydispersity on morphology and size. This control from chitosan was concentration-dependent. When the concentration of chitosan was in the range of (0.01%-0.1%), the size change of silver nanoparticles was not obvious, with nanoparticles being about 20 nm in average size (Figure 32a, b) . With further increase of chitosan concentration above 0.1%, the size of silver nanoparticles became smaller with the diameter being around 5 nm (Figure 32c, d ). When the chitosan concentration is changed, the host space volume and nucleation sites for silver growth is correspondingly changed, which could be responsible for the size change of the silver nanoparticles.
Besides silver, we also extended this surface-immobilized IBP-based reaction to other peptide system for other material synthesis. For example, the polypeptide sequence MS14 (MHGKTQATSGTIQS) (Brown et al, 1997 and 2001; Braun et al, 2002; Kulp et al, 2004; Tamerler et al, 2006) was used for biomimetic preparation of gold nanoparticles and their aggregates . As shown in Figure 33 , MS14-mediated reduction of HAuCl 4 on PET surface resulted in single-crystallite formed on the surface, presenting hexagonal, triangular and quadrangular morphology with 1-3 μm in size. There were also small spherical particles, approximately 200 nm in size found on the same substrate. Further effort to combine organic matrix with MS14 for controllable preparation of uniform gold nanoparticles could be suggested as the next future work. After successful preparation of gold and silver crystals, another kind of important noble metal, platinum crystals were also prepared by the peptide PT2(DRTSTWR) (Sarikaya et al, 2003) immobilized on PET surface. Platinum microparticles with the size being 1-2 μm were observed on PT2-functionalized PET surface (Li et al, 2007) . To summarize this section, surface-immobilized peptides have expressed certain potential to in situ reduce and fabricate metal nanocrystals on the film surface. However, some questions and problems must be addressed: 1). Exact biomimetic reaction mechanism must be elucidated; 2). The size and morphology of the resulting crystals must be well controlled. Some organic compounds such as chitosan, PAA have showed certain potential for this controlling ability. In this aspect, we actually found that the size and morphology of particles obtained by surface-immobilized peptide was often much wider than that of particles obtained by same peptide but freely dissolved in a solution. For example, in the case that the synthesis of Pt crystals, instead of the use of surface immobilized PT2, simple use of a mixture solution of free PT2 and PtCl 4 could give us much smaller Pt nanoparticles ranging from 1.5-2 nm. The question that whether the surface immobilization process would affect the biological mediation ability of peptides and nucleation as well as growth process of crystals needs to be clearly anwered. (Zhang et al, 2008) . Copyright from Elsevier. Reproduced with permission.
Level 3: Polymer brush-mediated quantum dot formation (Zou et al, 2009)
Finally, we reached the macromolecular grade for this kind of research. In this aspect, we utilized photo-initiated surface grafting systems to construct large-area functional acidic polymer brush, PAA on arbitrary polymer substrate, and further test for inorganic material growth showed that surface-immobilized polymer brush was able to mediate the formation of ZnO quantum dots (QD) (Figure 34 ) and patterning within polymer brush regions. To our best of knowledge, before our report, the formation of ZnO quantum dot mediated by surface-immobilized polymer brush is never reported. In our experiment, a typical two-step biomimetic procedure was employed: firstly, the film with PAA brush (BOPP-g-PAA) was soaked in zinc chloride solution and achieved a saturated complexation between zinc ions and carboxyl groups in PAA chains. After that, the film with zinc complexed was incubated in HMT solution under suitable temperature and time, and finally, ZnO QDs were in situ formed within PAA brush on BOPP surface, resulting in an organic/inorganic hybrid nanocomposite film (BOPP-g-PAA/ZnO). As shown in Figure 35 , FE-TEM directly demonstrated the formation of ZnO QD after incubating polymer brush-grafted film in HMT solution. The size of these nanoparticles ranging from 4-5 nm was in the regime of quantum size of ZnO. For single ZnO QD, a there were no particles on the blank PET film after washing with ddH 2 O. Reproduced from . Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. Fig. 34 . The schematic process of ZnO QD formation mediated by surface immobilized PAA brushes. PAA chains grafted surface (white tree-like structures) was soaked in Zn(NO 3 ) 2 aqueous solution (0.1 M) for 1 hr to achieve the complex between carboxylic groups (from grafted PAA chains) and Zn 2+ (symbolized by dark blue spheres). After washing, the surface with complexed Zn 2+ was incubated in HMT aqueous solution (0.1 M) for 2 days at 90°C. HMT provided OH -source for the hydrolysis and precipitation of ZnO to transform complexed Zn 2+ to ZnO QD (light blue spheres). Reproduced from (Zou et al, 2009 (002), (101) and (102) diffraction patterns could be matched with the standard pattern of a wurtzite ZnO crystal from the JCPDS database. A preferred orientation was observed to be the (002) orientation. The peak at 528 is ascribed to organic component (PAA). Reproduced from (Zou et al, 2009 uniform hexagonal lattice structure was observed, which signified a single crystal nature without defects. This single crystal nature was also supported by the dotted Selected Area Electron Diffraction (SAED) pattern. (002) direction was found to be the brightest spots in SAED pattern, which revealed that the preferential growth direction for this ZnO QD was (002) direction (c-axis). The spacing distance between two diffraction planes in single QD was estimated as 0.262 nm from high-resolution(HR)-TEM image, this value was a typical d spacing of the (002) planes in a wurtize-type ZnO. This wurtize type was further supported by XRD pattern of BOPP-g-PAA/ZnO film (Figure 36 ), where three characteristic diffraction peaks at (002), (101) and (102) were observed. The highest intensity at (002) plane reflected again that the resulting ZnO QD had dominated c-axis direction. It should be noted that the above-mentioned two-step biomimetic procedure was extremely necessary for the formation of ZnO QDs. As a control experiment, we deliberately used the same PAA grafts without pre-doping of Zn 2+ for incubation in a mixture solution of zinc chloride and HMT. We found that in such a system, the mediation ability of PAA brush was diminished and only large rod-like microcrystallines on the underlying film were obtained ( Figure 37 ). Therefore, we inferred that the effective separation of heterogeneous nucleation and growing process by two-step protocol in our method gave enough time and space to PAA, and thereby the coordination and mediation ability of PAA brushes could be fully reserved. In nature, biofabrication in organisms also often utilize this kind of process where carboxylate groups from biomolecules induce minerals formation within organic matrix through interacting with mineral ions (Estroff, 2008) . The resulting hybrid material from ZnO QD and PAA expressed interesting photoluminescence property. Two excitation peaks at 323 and 339 nm in the spectrum of BOPP-g-PAA/ZnO film were observed (Figure 38a ). These excitation peaks took an obvious blue shift compared with the band gap of bulk ZnO crystal at 365 nm (Abdullah et al, 2003; Mikrajuddin et al, 2002; Dijken et al, 2000; Brus, 1986) , indicating the quantum effect of ZnO particles in the composite film. By using 325 nm as excitation light, we further investigated emission spectra of this composite film. An intensive emission in the range of 350-500 nm was found for the composite film, which was 5-fold higher than those from blank BOPP and BOPP-g-PAA films (Figure 38b) . A slight split in the present emission was also observed at the near UV range as 380 and 400 nm. Bound-excitation and vacancy-related transitions are responsible for the UV emission around 390 nm (Huang et al, 2001; Saito et al, 2002) , and the splitting could be attributed to a consequence of the interfacial interaction of ZnO nanoparticles with the surrounding PAA material (Vollath et al, 2004 ). This interaction is facilitated by the formation of ester like linkage: -(C=O)-O-(ZnO) (Ravindran et al, 2005; Wu et al, 1997; Hu et al, 1991) . Our XPS data also gave the evidence for the formation of this kind of ester like linkage. Such ester like linkage could facilitate highly efficient electron Fig. 38 . Excitation (a) and emission spectra (b) of several films. In excitation spectra, the emission wavelength was settled as 385 nm. For BOPP-g-PAA/ZnO, two maximum peaks are at about 323 and 339 nm. In emission spectra, excitation wavelength was 325 nm. Three much higher maximum peaks at about 380 nm, 400 nm and unconspicuous shoulder at 450 nm were found in the curve for BOPP-g-PAA/ZnO composite film. Reproduced from (Zou et al, 2009 transportation, resulting in the split on the emission peak. We also noticed that defectrelated transition usually observed at long wavelength like 600 nm was not observed in our composite film, indicating ZnO QD in our nanocomposite film had high quality with few defects. This judgment was also consistent with HR-TEM observations (Figure 35 ). The slight shoulder peak at 450 nm implied that such composite film had the ability for blue light emission devices (Figure 39 ). Our hybrid nanocomposite film also possessed excellent optical transparency (Figure 40 ).
Comparing with pristine and BOPP-g-PAA films, the introduction of ZnO QDs in PAA just got a little decrease in the transmittance percent. Actually, high transmittance percent (about 90%) in the wavelength between 400 to 900nm could be obtained on BOPP-g-PAA/ZnO films. This reason why high transmittance could be kept after ZnO QD introduced was because of a homogeneous dispersion of ZnO QDs in the polymer matrix with a mean diameter of no more than 5nm (as revealed by TEM), therefore possible light scattering and diffraction from large particles and aggregates was effectively eliminated. This highly optical transparence is very important for advanced opto-electrical devices. Another important requirement for opto-electrical device is the ability to large scale patterning/array of functional nanocomposite film. This is easily achieved by our method because of the use of photo-initiated polymerization. A photomask which can effectively control irradiation path on the surface was simply applied during the photografting polymerization of AA on the surface. As a result, patterned PAA polymer brush could be obtained (Wang et al, 2005) and then region-selective fabrication of the above ZnO QD/PAA nanocomposite hybrid could be easily achieved. As shown in Figure 41 , the pattern of PAA/ZnO QD composite film could form on the underlying substrate in a large area (5 mm 2 ), which is especially appealing in macroelectronics (Morin et al, 2007; Forrest, 2004; Henzie et al, 2006; Reuss et al, 2006) . The circular nanocomposite film array distributed evenly across the surface with few defects and good size homogenous. The thickness of the composite film was revealed as 2.8 μm by AFM profile analysis, only a little higher than pure PAA film before ZnO incorporation (2.5 μm). This fact reflected that instead of simply adding upon PAA layer, the newly formed ZnO QDs mainly filled into the free spaces inside PAA film, because simple adding upon PAA layer would result in an obvious thickness increase. Fig. 39 . The fluorescence microscopy image of patterned PAA/ZnO QD arrays on BOPP surface. Using UV exciting light, every circle area as PAA/ZnO QD hybrid represents a composite region emitting blue light. Reproduced from (Zou et al, 2009 We also found that PAA was not an exclusive template for this biomimetic fabrication. When PAA was replaced by other similar acidic polymers with the same carboxyl groups, similar enhanced fluorescent emission was observed. In contrast, control experiments showed that switching the use of polymer brush from these carboxyl-contained acidic polymers to ester polymers (i.e. deactivation of carboxyl to ester) would result in very weak fluorescent enhancement or even lowered fluorescent emission compared with pristine polymer films before ZnO introducing. Such contrast strongly implies that carboxyl group plays a key role for the formation of ZnO QD in our biomimetic synthesis design, and any acidic polymers having carboxyl groups could become candidates for this synthesis. This finding agrees with the common accepted assumption that carboxyl group (and other functional groups)-based interaction on inorganic surface would be basic and central molecular tailoring mode in biomineralization process. In conclusion, our results finally demonstrated that polymer brush grown on polymer substrate for example PAA used in this work had great potential to fabricate ZnO QD by a biomimetic chemical approach. The resulting ZnO QD was in situ embedded into acidic polymer templates, giving rise to the formation of a hybrid nanocomposite film. Such mediation ability came from surface photografted acidic polymer where the complex interaction between carboxyl groups in PAA and Zn 2+ played a key role. Because the ZnO QD was homogeneously dispersed in polymer matrix, the final polymer/ZnO QD nanocomposite was a highly transparent inorganic/organic hybrid film which could be constructed on arbitrary inorganic and organic substrates. Patterning of such nanocomposite film could be also very easily achieved by simply applying a photomask in this photopolymerization process. The resulting patternable array of nanocomposite film had good quality and large area. Possible next work along this direction may be suggested to explore other kinds of polymer brushes for biomimetic material fabrication, since the field about polymer brush-mediated biomineralization, especially non-calcium material biomineralization is still in the early developing stage.
Summary and outlook
All of the above research results could produce inorganic and metal oxide micropatterning as well as organic/inorganic hybrid film array on soft matter surface, which would contribute to the current fast development of flexible polymer-based biomedical, energetical and optical sensors. We believe that our systematical explorations on non-calcium inorganic material fabrication mediated by surface-immobilized organic molecular template could find its potential in the fundamental and engineering researches on polymer-supported advanced technologies, biomineralization, inorganic nanocrystals and macroelectronics realms. Obviously, the future development direction in this field should be located at extensive investigation and engineering of the mediation ability of various functional groups, polypeptide, polymer brush immobilized on surfaces for the inorganic and metal materials fabrication and patterning achieving.
